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Heparin enhances angiogenesis by a systemic mode of action*
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Summary. A systemically-administered standard sodium heparin, but not an oligosaccharide
fraction derived from the heparin, significantly potentiated angiogenesis induced by saline in
normal rats, as assessed by the quantitative mesenteric window angiogenesis assay. This is the
first unambiguous evidence that any single specific mast-cell product can potentiate
angiogenesis in normally vascularized mammalian tissue. Whether systemic treatment with a
heparin-like substance may be useful for stimulating neoangiogenic formation of collaterals in
situations of relative microvascular insufficiency, such as coronary collaterals in patients
suffering from ischaemic heart disease, is briefly discussed.
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The mast cell is the sole site of heparin
(Enerbaick & Norrby I 989; Roden I 989). As
yet, no physiological role for heparin has
been clearly identified. The biological effects
attributed to heparin-related polysacchar-
ides generally involve the binding of other
macromolecules, mostly proteins (Lindahl
I989); the injection of heparin also releases
a number of proteins into the blood. Heparin
binds avidly to endothelial cells, but the
binding sites are not specific receptors for
heparin (Barzu et al. I986, I987), and to a
number of growth factors, probably by a
different mechanism (Kurokawa et al. I 989).
Fibroblast growth factor, FGF, is a potent
heparin-binding angiogenic factor. When
extracellular in form, the FGF is often bound
to basement membranes and the matrix
(Vlodavksy et al. I987; Folkman et al. I988;

Vigny et al. I988). Heparin can protect
extracellular FGF from denaturation, degra-
dation and enzyme digestion (Gospodaro-
wicz & Cheng I986; Rosengart et al. I988;
Barzu et al. I989). Heparin-derived oligosac-
charides interact with endothelial cells and
FGF in ways similar to heparin and this
interaction is independent of anticoagulant
activity (Kurokawa et al. I989; Sudhalter et
al. I989). Moreover, heparin and heparin-
like molecules can rapidly release biologi-
cally-active FGF bound to extracellular
matrices in vitro (Bashkin et al. I989); how
the release is effected is not fully understood.
The activity of heparin with regard to

angiogenesis is thought to be bimodal; oligo-
saccharides and non-anticoagulant fractions
of heparin appear to share this bimodal
activity of heparin to a large extent (Folkman
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& Ingber I 989). In combination with limited
quantities of different angiogenic factors,
heparin potentiates the angiogenic response
in the chorioallantoic membrane and the
cornea assays; heparin alone appears unable
to produce an angiogenic response. The way
in which heparin potentiates angiogenesis in
these assays is not known. When, on the
other hand, heparin or a saccharide is pres-
ent together with an angiostatic steroid, the
anti-angiogenic effect can be augmented
(Crum et al. I985; Folkman et al. I989).
The aim of the present investigation was to

study quantitatively the effect of systemi-
cally-administered heparin and an oligosac-
charide fragment thereof on angiogenesis
induced in the normally vascularized mesen-
teric window of adult healthy rats. The i.p.
injection of saline, which appears not to
induce mast-cell heparin secretion in the test
tissue (Norrby et al. I989), was used as an
angiogenesis effector (Norrby et al. Iggoa).

Material and methods

Animals

Male Sprague-Dawley rats (Alab AB, Sollen-
tuna, Sweden) weighing 210-240 g at the
start of the experiments were used. They
were acclimatized and kept under standard
conditions (Norrby et al. I986) and were fed
standard pellets and water ad libitum. They
were frequently weighed throughout the
experiments. Two animals shared each cage.

Induction of angiogenesis

Marked angiogenesis in the mesenteric win-
dows follows a treatment protocol of two
daily i.p. injections for 4.5 days of the highly
selective mast-cell secretagogue Compound
48/80 in rats (Norrby et al. I 989), whereas a
moderate angiogenesis follows a similar pro-
tocol of saline (o.9% NaCi) treatment
(Norrby et al. I ggoa). The saline used should
contain a very small quantity of endotoxins,

if any. The mechanism of saline-mediated
angiogenesis still needs elucidation.
Compound 48/8o (Sigma), 'the arche-

typal histamine liberator' (Douglas I985),
which was dissolved in saline, is a condensa-
tion product of p-methoxy-N-phenylethyla-
mine and formaldehyde. The animals were
killed on days 1 4, i 6 and 2 I after the start of
the i.p. treatment, i.e. in the midst of the
expanding phase of the angiogenic response
(Norrby et al. I986).

Subcutaneous treatment with a standard
heparin and a heparin-derived oligosaccharide
fraction

Standard heparin. The molecular weight of
the sodium heparin, derived from porcine
intestinal mucosa, was approximately 15.0
kDa and its biological activity was I 86 IJ per
mg. The heparin was dissolved in saline and
administered in a volume of o. I ml per
injection. The highest dose used, o. 5o mg/kg
s.c., is of the same order as the dose used
clinically in post-operative thromboprophy-
laxis (5000 IU=o.40 mg/kg b.w.). At this
dose, heparin affects the coagulation of
plasma only marginally.
To test whether the mast-cell secretion in

the test tissue following an i.p. injection of
Compound 48/80 was affected by heparin,
the heparin, at 0.5 and 5 mg/ml, was
injected s.c. i hour before the 48/80. When
the effect on angiogenesis was tested,
heparin at 5 mg/ml was injected s.c. at I2-
hourly intervals, starting on the first day of
the i.p. treatment with 48/80 or saline and
continuing until one day before the experi-
ment was terminated.

Heparin-derived oligosaccharide
Two different fractions derived from the
standard sodium heparin by enzymatic de-
polymerization followed by gel filtration and
ethanol precipitation were used. In the
experiments which were performed to eluci-
date whether the heparin fragment affected
mast-cell secretion and mast-cell-mediated
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angiogenesis in the test tissue, a mixture
consisting mainly of octa, deca, and duode-
casaccharides was used. Its mean molecular
weight was approximately 3.3 kDa and its
biological activity was 5 1 anti factor Xa IU
per mg. In the subsequent experiment,
which was performed to analyse the effect of
the saccharide on saline-mediated angioge-
nesis, we used a closely related preparation
that was mainly made up of a decasacchar-
ide. This fraction had a mean molecular
weight of about 2.4 kDa and a biological
activity of 27 antifactor Xa IU per mg. The
saccharides were dissolved in saline and
administered in a volume of o. t ml per

injection.
When testing whether the oligosaccharide

affected mast-cell secretion in the mesenteric
windows after an i.p. injection of 48/80, the
saccharide at o.5 and 5 mg/ml was injected
s.c. ii hour before the 48/80 was given.
When the effect on angiogenesis mediated by
48/8o or saline was tested, the oligosacchar-
ide at 5 mg/ml was injected s.c. at 1 2-hourly
intervals, starting on the first day of i.p.
treatment and continuing until one day
before the experiment was terminated.

Quanitification of the atngiogenic response

The virtually two-dimensional vasculature
in the extremely thin mesenteric window
was quantified using two technically inde-
pendent techniques; four windows per ani-
mal were analysed. There was no significant
difference in the mean size of the windows
examined in the three treatment groups. In
animals receiving i.p. injection of Compound
48/8o, the numtlber of vessel profiles per unzit
length of the tissue was counted microscopi-
cally at x 400 in methacrylate-embedded
sections cut perpendicular to the membra-
nous surface (Norrby et al. I986, I989,
t9gob). In saline-treated animals, the vascu-

larized area (in %) in spreads of intact,
unsectioned mesenteric windows was mea-

sured morphometrically (Norrby et al.
iggoa); terminally i.v. infused ink-gelatin
was used to visualize the vasculature. This

variable was used since saline-mediated
angiogenesis has been demonstrated in
terms of vascularized area but not in terms of
number of vessel profiles per unit length, as
discussed elsewhere (Norrby et al. iggoa).
Photographic recording of spreads of whole
windows (Fig. 2) was done using a Wild
Photomacroscope 420.

Quantification oj mtiast-cell secretion. The
reduction in the histamine content of the
mesenteric window, in terms of ng hista-
mine/,ug protein (Norrby & Rammer 1983),
2 hours following an injection of 48/80
(i /tg/g b.w., 2 ml/ioo g b.w.) was used as
an established marker of mast-cell secretion
since the mast cell is the main, if not the only,
source of histamine in the test tissue.

Statistics. The difference between treatment
groups was assessed using Mann-Whitney U
rank sum test for unpaired observations
(two-tailed); P < o.o.5 was considered signifi-
cant.

Table 1. Histamine content of mesenteric win-
dows 2 hours after an i.p. injection of the highly
selective mast-cell secretagogue Compound 48/
8o in animals that had received a s.c. injection
(o. i ml) of saline. heparin at o. 5 and 5 mg/ml, or
the heparin-derived oligosaccharide at o.5 and 5
mg/ml X hour before the i.p. injection. The 48/8o
treatment releases about -o% of the mast-cell
histamine in the test tissue (Norrby et al. I989).
No statistically significant difference was observed

Histamine
concentration

Subcutaneous treatment (ng/pg)
(mean ± s.e.m.)

Saline (8) o.87±0.22
Heparin o.s5 mg (8) 0.93 ±0.21
Heparin _5.o mg (.5) 0.79+0.20
Oligosaccharide o. 5 mg (7) 0.94 ±0.22
Oligosaccharide 5.o mg (7) 0.97 + 0.14

Figures in parentheses indicate the number of
animals.

I49



K. Norrby & 1. Sbrbo

Results

Effect of subcutaneous heparin and
oligosaccharide treatment on body weight

No haemorrhage or other side-effects were
seen to result from the treatment with the
heparin and the oligosaccharide, and the
treatment had no effect on body weight
compared with the controls receiving s.c.
injections of saline. In fact, the difference in
mean weight between the different treat-
ment groups never exceeded i% at any
observation time (data not shown). Since the
animals, although adult, normally gain in
weight during the 2-3-week span of the
angiogenesis experiments, and since any
reduction in the rate of body weight increase
appears to be a sensitive measure of adverse

Table 2. Number of vessel profiles per unit length
of mesenteric window in animals treated with i.p.
injections of Compound 48/80 for 4._5 days and
s.c. injections of heparin, oligosaccharide or saline
(treated controls) at 12-hourly intervals for 13
and 20 days; the animals were sacrificed on days
14 and 2 I after the start of the i.p. treatment.
Untreated controls were also included. Each
group comprised 32 mesenteric window speci-
mens. No statistically significant difference was
observed between the animals which were given
heparin, oligosaccharide or saline. The 48/80-
treatment markedly increased the vasculature
compared to untreated animals (P. 0.025 at
both day 14 and day 2 1)

Treatment and
day of sacrifice

Day 14
48/8o + saline
48/80 + heparin
48/80 + oligosaccharide
Nil

Day 21
48/80 + saline
48/80 + heparin
48/80 + oligosaccharide
Nil

Number of
vessels/mm

(mean ± s.e.m.)

0.527+0.203
0.585 ±o.I8o
0.398+0.163
0.140±0.054

1.040+0.293
0.710+0.349
0.939 + .-309
0.157+0-079

or toxic effects (Jakobsson et al. I990), the
present finding suggests that the saccharide
treatment was atoxic.

Effect of subcutaneously administered heparin
and oligosaccharide on mast-cell secretion and
mast-cell-mediated angiogenesis
Neither the heparin nor the oligosaccharide
significantly affected the Compound 48/80-
induced mast-cell secretion (Table i) or the
48/80-induced mast-cell-mediated angioge-
nesis (Table 2) compared with saline-treated
controls. As expected, 48/80 treatment
induced a marked angiogenic response com-
pared with the controls which received no
i.p. treatment (Table 2).

Effect of subcutaneous heparin and
oligosaccharide treatment on saline-mediated
angiogenesis

When saline injected i.p. was used as the
angiogenesis effector in the mesenteric win-
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Fig. i. Vascularized area as a percentage of
mesenteric windows in animals treated i.p. with
saline for 4.5 days and s.c. at 12-hourly intervals
with saline, heparin or heparin-derived oligosac-
charide for 1 5 days. The experiment was termi-
nated on day I 6 after the start of the i.p. and s.c.
treatment. The E, saline and I, heparin groups
each comprised 40 windows, whereas the *,
oligosaccharide group comprised 36 windows.
The heparin treatment increased the angiogenic
response compared with the saline treatment
(P<o.ooi) and the oligosaccharide treatment
(P< o.oo0I). Mean + s.e.m.
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Fig. 2. Photomacrographs of spreads of intact, unsectioned mesenteric windows from animals treated i.p.
with saline and receiving s.c. injection of a, saline and b, heparin. The microvasculature is visualized by
intravasal infusion of ink-gelatin. In a, the window is 8_5.9 mm2 and the vascularized area 28.9%; in b,
the window measures 94.8 mm2 in total area and the vascularized area is j"724 The vascularized area
in both windows is close to the mean of the two populations of windows examined, as seen in Fig. i. The
bar inserted in the macrophotographs iS 2 mm overall
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dows, the s.c. treatment with heparin almost
doubled the angiogenic response, compared
with the controls treated s.c. with saline (Fig.
i). In contrast, the s.c. treatment with the
oligosaccharide was not seen to produce any
effect, compared with the saline treatment.
The difference between the saline and the
heparin-treated animals (see photomacro-
graphs in Fig. 2) was statistically highly
significant, as was the difference between the
oligosaccharide and heparin-treated ani-
mals.

Discussion

The finding that heparin augmented angio-
genesis by a systemic mode of action in
normally vascularized mammalian tissue is
new. The fact that the heparin-derived oligo-
saccharide, which apparently had a degree of
sulphation similar to that of the heparin,
exerted no effect, suggests that features such
as chain length, molecular weight, configu-
ration, and chain flexibility, as well as the
pharmacokinetic characteristics of the sac-
charide molecule, are in some way linked to
its angiogenesis-stimulating property. To
elucidate the critical molecular difference
between the heparin and its oligosaccharide
in terms of angiogenesis potentiating effect,
molecular structure-function studies are
required. As indicated in the introduction,
there are a number of possibilities by which
heparin might have exerted its angiogenesis-
stimulating effect and further studies are
needed to clarify the mechanism(s).

Heparin-stimulated angiogenesis is the
first unambiguous evidence that any single
specific mast-cell product can potentiate
angiogenesis in vascularized mammalian
tissue. This conforms with previous reports
of mast-cell-mediated angiogenesis in rats
and mice (Norrby et al. 1986, I988, I989),
and that protamine, a specific antagonist to
heparin's anticoagulative effect, atoxically
suppresses mast-cell-mediated angiogenesis
(Jakobsson et al. I990). We observed, how-
ever, no effect of heparin or its oligosacchar-
ide on mast cell mediated angiogenesis.

Could this be due to the fact that sizeable
quantities of heparin were released from the
mast cells present in the target tissue,
thereby making it difficult for either of the
exogenous saccharides to exert any effect
over and above that of the released endoge-
nous heparin?
The fact that different techniques were

used for quantitating the vasculature in
the experiments performed on mast-cell-
mediated and saline-induced angiogenesis
does not seem to render the interpretation of
the results difficult. The two parameters
employed no. of vessel profiles per unit
length of tissue and vascularized area-run
in parallel in mast-cell-mediated angiogene-
sis whereas saline-mediated angiogenesis
has been demonstrated in terms of vascular-
ized area but not in terms of no. of vessel
profiles per unit length of tissue (Norrby et al.
Iggoa).
Angiogenesis is a complex tissue reaction

which requires the successful orchestration
of a host of cellular and extracellular events
(Schor & Schor 19 8 3; Presta & Rifkin I 9 8 8;
Folkman & Ingber I989). Moreover, as
maintained by Presta and Rifkin (I988), it is
difficult to elucidate the detailed molecular
mechanisms involved in angiogenesis since
in-vivo assays cannot apparently distinguish
between a 'direct' angiogenic factor, i.e. a
molecule which is supposed to act primarily
on the endothelial cells, an 'indirect' angio-
genic factor, i.e. a molecule which is sup-
posed to induce the release of a primary
angiogenic factor from other cells, and a
primary change induced in the extracellular
matrix. The fact that the molecular mechan-
isms of saline-induced angiogenesis still
await elucidation does therefore not invali-
date the significance of the finding that the
systemic heparin treatment augmented
angiogenesis.
On the basis of the present data, one can

speculate about whether heparin can stimu-
late collateral blood vessel formation in
conditions of insufficient microvasculature
such as may be the case in the ischaemic
myocardium and in some types of impaired
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wound healing. It is, indeed, known that
wounds and ischaemic myocardium release
angiogenic factors (Kumar et al. I983; Gal-
loway et al. I984). It is, furthermore, inter-
esting to note that s.c. injections ofheparin in
dogs increase the myocardial blood circula-
tion following experimentally induced myo-
cardial ischaemia (Fujita et al. I987), sug-
gesting that the heparin treatment
accelerated the development of coronary
collaterals. No clear distinction between the
vascular expansion of small pre-existing ves-
sels, which commonly occurs in the forma-
tion of collateral blood vessels, and de-novo
angiogenesis was made, however. Indirect
evidence that heparin can accelerate exer-
cise-induced coronary collateral develop-
ment in patients with coronary heart disease
has also been presented (Fujita et al. I988).

In this context, it is worth noting that
heparin as well as anticoagulant and non-
anticoagulant heparin fragments markedly
inhibit arterial smooth muscle cell and
myointimal proliferation (Clowes & Kar-
nowsky 19 77; Guyton et al. I980; Hoover et
al. I980; Castellot et al. I98I, I984; Dryjski
et al. I988). Although the molecular basis of
this inhibitory effect is not yet clear, it has
been suggested that heparin may be a poss-
ible therapeutic anti-atherogenic agent in
states of accelerated atherosclerosis, espe-
cially after procedures accompanying endo-
thelial injury such as angioplasty and vascu-
lar surgery (Edelman et al. I990). In passing,
it is worth remembering that heparin is also
an established prophylactic and therapeutic
agent in the case of venous thromboembo-
lism (Kakkar & Hedges I989; Ware & Salz-
man I989).

In conclusion, we hypothesize that syste-
mically administered heparin, which signifi-
cantly potentiated angiogenesis in normally
vascularized rat tissue in the present study,
can favourably affect patients with coronary
heart disease by stimulating the neoangioge-
nic development of microvascular collaterals
and providing protection from the acceler-
ation of atherosclerosis. Further studies
are required to elucidate this area and to

demonstrate whether a heparin-like non-
anticoagulant substance, that combines a
high angiogenesis-stimulating effect with
few complications in the clinical setting, can
be found.
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